Abstract. Asiatic acid, a triterpenoid derived from Centella asiatica, is a putative anticancer agent in several types of cancer cells. Investigations of its biological role in negative regulation of cell growth have focused on the extent of induction of apoptosis in a cell-type-specific manner. In this study, we identified an important regulator of asiatic acid-induced cell death, microRNA (miR)-1290, which sensitizes cells to asiatic acid-induced cytotoxicity and negatively regulates BCL2 expression. Asiatic acid significantly upregulated miR-1290, and asiatic acid-induced cell death was shown to be dependent on miR-1290 activity. Molecular assays demonstrated that BCL2 mRNA is a direct target of miR-1290-mediated RNA interference. The results of functional studies suggest that miR-1290 suppresses cell viability and cell cycle progression. These data provide insight into miR-1290-mediated cellular mechanisms in asiatic acid-treated A549 non-small cell lung carcinoma cells.
Introduction
Centella asiatica (C. asiatica) is used as a traditional medicine in Asia (1) . Four classes of triterpenoids are present in C. asiatica extract: asiatic acid, madecassic acid, asiaticoside, and madecassoside (2) . Asiaticoside, the most abundant triterpene glycoside in the extract, is converted to asiatic acid by hydrolysis in vivo (3) . Asiatic acid functions as an antioxidant and antitoxic agent in normal cells, and as an anticancer agent in cancer cells (4) (5) (6) (7) (8) . Several studies have shown that pretreatment with asiatic acid has a protective effect against H 2 O 2 -induced cytotoxic damage in neuronal cells and against D-galactosamine/lipopolysaccharide-induced toxicity in hepatocytes (4, 5) . However, various reports have also shown that asiatic acid mediates a variety of anticancer effects as a result of growth inhibition and apoptosis in several types of cancer cells, such as HepG2 human hepatoma, HT-29 human colon adenocarcinoma, and MCF7 human breast cancer cells (6) (7) (8) . Although the role of asiatic acid in cancer cell death has been widely studied, asiatic-mediated cellular mechanisms are less well known.
Apoptosis, or programmed cell death, is characterized by several morphological and biochemical changes, including reduced cell volume, condensation of nuclear chromatin, DNA fragmentation, and an increased proportion of sub-G1 phase cells (9) . Initiation of apoptotic processes in cells induces activation of proapoptotic proteins, as well as inactivation of antiapoptotic proteins (10) . B cell CLL/lymphoma 2 (BCL2) family proteins are involved in the regulation of apoptosis either as death antagonists or death agonists (11) . Of these, BCL2 is a critical regulator of cell growth and antiapoptotic processes. Under normal physiological conditions, BCL2 binds to the proapoptotic proteins BAX and BAK to prevent mitochondrial outer membrane permeabilization and cytochrome c release into the cytosol. Many tumor cells overexpress antiapoptotic BCL2 and become resistant to chemotherapy and radiotherapy (11) . Recently, asiatic acid was reported to induce apoptosis in several types of cancer cell, and to affect the level of expression of BCL2 and BCL-XL (7, 8) . However, the mechanisms underlying asiatic acid-induced downregulation of BCL2 are largely unknown.
MicroRNA-1290 promotes asiatic acid-induced apoptosis by decreasing BCL2 protein level in
A549 non-small cell lung carcinoma cells KI (12) . Various oncogenic miRNAs (oncomiRs) and tumor suppressor miRNAs have been identified. For example, miR-34a inhibits oncogenic cellular transformation by suppressing oncogenes, such as proto-oncogene c-Met, cyclin-dependent kinase 4 (CDK4), and BCL2 (13) (14) (15) . miR-21, which is a well-studied oncomiR, also targets many key tumor suppressor genes, such as phosphatase and tensin homolog (PTEN), programmed cell death 4 (PDCD4), and TP63 (16) (17) (18) (19) . Recently, miR-21 was implicated in the phenomenon of cancer cell addiction to key oncogenes (20) . This finding strongly indicates that an examination of miRNA-based cellular mechanisms is critical to an understanding of tumorigenesis and anticancer processes, and certain miRNAs may be critical targets for anticancer therapy. We previously reported that treatment of human cells with C. asiatica extract altered miRNA expression profiles (21, 22) , indicating that the effects of the extract on cells might involve miRNA-specific mechanisms.
In the present study, using miRNA microarray, we showed that asiatic acid alters expression profiles of specific miRNAs in A549 non-small cell lung carcinoma (NSCLC) cells. We also found that miR-1290 is the most extensively upregulated miRNA, and that asiatic acid-induced anticancer activity is dependent on the expression of this miRNA. We further demonstrated that miR-1290 directly targets BCL2 mRNA in the cell.
Materials and methods
Cell lines, RNA oligonucleotide and chemicals. A549 NSCLC cells (American Type Culture Collection, Manassas, VA, USA) were grown in RPMI-1640 (Gibco; Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100 U/ml penicillin, and 100 µg/ml streptomycin. Asiatic acid (Sigma-Aldrich) was dissolved in DMSO and stock in 25, 50, 75, and 100 mM. To evaluate the cytotoxicity of asiatic acid, A549 cells were seeded in 96-well plates at a density of 4x10 4 cells/well. miR-1290 mimic, antagomiR-1290, and negative control miRNA were purchased from Qiagen (Hilden, Germany). All miRNAs were resuspended in nuclease-free water (USB; Affymetrix, Santa Clara, CA, USA) to a final stock concentration of 100 µM. miRNA transfection was performed in serum-free medium with Lipofectamine RNAiMAX (Invitrogen; Life Technologies) for 6 h. Medium was replaced with fresh medium, and the cells were incubated for 24 h.
Cell viability assay. The cytotoxicity of asiatic acid in A549 cells was evaluated using a water-soluble tetrazolium salt (WST-1) assay (EZ-Cytox Cell Viability Assay Kit; Itsbio, Seoul, Korea). WST-1 solution was added to cultures at a volume 10% that of the culture medium, and cells were incubated at 37˚C for 0.5 h. Cell viability was evaluated by measuring the absorbance at 450 nM using an iMark microplate reader (Bio-Rad, Hercules, CA, USA). All results are presented as the mean percentage ± standard deviation (SD) of three independent experiments. A P-value of <0.005 (or <0.01), as determined by the Student's t-test, was considered to indicate a statistically significant difference.
Analysis of cell cycle by flow cytometry. Cells were collected and fixed in cold 70% ethanol at 4˚C for 1 h. Fixed cells were then stained by incubation with propidium iodide (PI) staining solution [50 µg/ml PI, 0.5% Triton X-100 (both from SigmaAldrich), and 100 µg/ml RNase] at 37˚C for 1 h. Changes in cell cycle were determined based on evaluation of the intensity of fluorescent PI staining of 10,000 cells using the FL2-H channel of a FACSCalibur (BD Biosciences, San Jose, CA, USA).
Construction of 3'-UTR reporter plasmid and luciferase assay. To construct luciferase reporter plasmids, target fragments were ligated into the XbaI site downstream of the luciferase gene in the pGL3-promoter vector (Promega, Madison, WI, USA). The region (+2776 to +3286) in the human BCL2 gene containing miR-1290 recognition site was amplified by PCR using the following primers adapted to the XbaI site: 5'-CTAGTCTAGACTAGGTGACAGTTATATCTGTTG TCC-3' and 5'-CTAGTCTAGACTAGCCACGTGGAGCATA CTGC-3'. DNA sequence analyses confirmed the nucleotides sequence of the constructed plasmid (pGL3-BCL2-3'-UTR). For the luciferase assays, pGL3 and pGL3-BCL2-3'-UTR plasmids were transiently transfected with negative control miRNA, miR-1290 or antagomiR-1290 mimics and the pSV-β-galactosidase (pSV-β-gal) plasmid into the cells. Then, luciferase activity and β-galactosidase activity were assayed as described previously (36) . Briefly, after transfection, the cells were re-suspended in Passive Lysis Buffer (Promega Corp., Madison, WI, USA), and the luciferase activity was measured with a Veritas Luminometer (Turnur Designs, Sunnyvale, CA, USA). β-galactosidase activity was measured using Luminescent β-galactosidase Detection Kit II (Clontech Laboratories, Inc., Mountain View, CA, USA) according to the manufacturer's protocol. The relative luciferase activity was normalized to β-galactosidase activity. The results are the averages of three independent experiments.
Isolation of total RNA and quantitative real-time PCR
analysis. Total RNA was isolated using TRIzol reagent (Life Technologies) according to the manufacturer's protocol. The purity and concentration of the RNA was evaluated based on the OD at 260 nm and the OD 260/230 and 260/280 ratios using MaestroNano ® , a micro-volume spectrophotometer (Maestrogen, Las Vegas, NV, USA). The recommended parameters of RNA quality for cDNA synthesis are OD 260/230 >1.8 and OD 260/280 ratio in the range of 1.8-2.0. cDNAs for sensitive and specific miRNA detection were synthesized using the miScript II RT Kit (Qiagen) according to the manufacturer's protocol. Quantitative real-time PCR was performed using the miR-1290-specific primer, Hs_miR-1290_1 miScript Primer Assay (Qiagen), and U6 snRNA-specific primer, Hs_RNU6-2_11 miScript Primer Assay (Qiagen). PCR was performed using the miScript SYBR-Green PCR Kit (Qiagen) with Line-Gene K software (Bioer Technology Co. Ltd., Hangzhou, China). The C T value for miR-1290 was normalized to U6 snRNA. The 2 -ΔΔCt method was used to calculate relative expression level of miRNAs.
miRNA microarray analysis. Microarray analysis was performed using SurePrint G3 Human V16 miRNA 8x60K (Agilent, Santa Clara, CA, USA), according to the manufacturer's protocol. Briefly, 50 ng total purified RNA was treated with calf intestine alkaline phosphatase and labeled with cyanine 3-cytidine bisphosphate using T4 RNA ligase. The labeled RNAs were hybridized to the probes on the microarray. The microarray data were analyzed using GeneSpring GX software version 11.5 (Agilent). The raw data were filtered using FLAG and t-test, and applied to the fold-change analysis. The fold-change analysis was conducted based on a factor of 2.0-fold between two groups, DMSO-treated control cells and asiatic acid (50 µM)-treated cells.
Western blotting. Cells were collected and washed with cold phosphate-buffered saline (PBS). The cell pellets were lysed using modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS) containing protease inhibitors (complete Tablets, Mini, EDTA-free, EASYpack; Roche Applied Science, Mannheim, Germany) at 4˚C for 20 min. The lysates were then centrifuged at 12,000 x g for 30 min. The supernatant was decanted and saved. The concentration of total protein was determined using Bradford assay (Bio-Rad). Fifty micrograms of total cellular protein were solubilized in SDS sample buffer and resolved by SDS-PAGE. Anti-BCL2 and anti-β-actin primary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Sigma-Aldrich, respectively.
Results

Characterization of asiatic acid-induced toxicity in A549
NSCLC cells. We first sought to determine whether asiatic acid, a triterpenoid derived from C. asiatica, affects the viability of A549 NSCLC cells. As shown in Fig. 1A , exposure of A549 cell cultures to concentrations of asiatic acid ranging from 0-100 µM for 24 h induced cytotoxicity in a concentrationdependent manner, as determined by WST-1 assay. Maximal toxicity was obtained at a concentration of 100 µM, at which concentration cell viability was reduced to 18.63±0.13% of the control value (n=3). The IC 50 (the concentration at which half maximal toxicity is observed) of asiatic acid was 50 µM; at this concentration, cell viability was reduced to 50.81±2.13% of control value (Fig. 1A) .
We then examined the mechanism underlying asiatic acid-induced loss of viability in NSCLC A549 cells. Cells were treated with asiatic acid ranging from 0-100 µM for 24 h, stained with PI, and DNA content was analyzed by flow cytometry. As shown in Fig. 1B , asiatic acid caused a concentration-dependent increase in the proportion of cells in the sub-G1 phase, indicating that the effect of asiatic acid in NSCLC A549 cells is cell death-dependent. Although 25 µM asiatic acid increased the proportion of cells in sub-G1 by only 3.67±0.16%, concentrations of 50 and 100 µM asiatic acid were associated with increases of 13.50±1.31% and 41.46±2.45%, respectively. These results demonstrate that asiatic acid induces cell death-mediated loss of cell viability in NSCLC A549 cells.
Identification of miRNAs altered by asiatic acid treatment in NSCLC A549 cells.
We used miRNA microarray analysis to investigate the effect of asiatic acid treatment of A549 cells on miRNA expression profiles. Exposure of A549 cells to 50 µM asiatic acid increased or decreased (P<0.05) the expression levels of certain miRNAs by >1.5-fold ( Fig. 2A and Table I ). Of these, 22 miRNAs were upregulated and 13 were downregulated (Fig. 2B) . Notably, miR-1290, miR-1246, and miR-630 were significantly increased by 44.56-, 20.35-, and 9.11-fold, respectively, whereas expression of miR-503, miR-149-5p, and miR-126 were significantly downregulated by 2.53-, 2.47-, and 2.33-fold, respectively (Table I ). These data suggest that the mechanism underlying asiatic acid-induced cell death is likely mediated by specific miRNAs. Notably, miR-1290 showed the greatest increase in expression with asiatic acid treatment. We, therefore, hypothesized that asiatic acid-induced cell death in NSCLS A549 cells may be related to the altered level of miR-1290 expression.
Upregulation of miR-1290 expression is associated with asiatic acid-induced cell death in NSCLC A549 cells.
We next confirmed the asiatic acid-induced increase in miR-1290 level using quantitative RT-PCR with primers specific for (Fig. 3B) . However, inhibition of miR-1290 activity by antagomiR-1290 blocked most of the miR-1290-induced decrease in cell viability (Fig. 3B) . Notably, cotransfection of 200 nM miR-1290 mimic and an equal amount of its antagomiR showed 75.49±3.76% (n=3) of control cell viability, whereas transfection with miR-1290 mimic alone showed 35.35±1.2% of control viability (Fig. 3B) . These results indicate that miR-1290 upregulation could be involved in cell growth defect. Next, we further evaluated whether asiatic acid-induced loss of cell viability is dependent on miR-1290 upregulation. Prior to exposure of NSCLC A549 cells to asiatic acid (50 µM), cells were transfected with antagomiR-1290 (200 nM) for 24 h. As shown in Fig. 3C , cells transfected with the antagomiR showed resistance to asiatic acid-induced cytotoxicity. Flow cytometric analysis after staining with PI also showed that asiatic acid-induced cell death was significantly attenuated in the presence of antagomiR-1290 (Fig. 3D) . Although exposure of control cells to asiatic acid (50 µM) showed a 16.05±1.99% increase in the proportion of the cell population in sub-G1 phase, exposure of antagomiR-1290-transfected cells to asiatic acid showed only a 7.69±0.59 increase. These results demonstrate that asiatic acid-induced cell death is mediated by accumulation of miR-1290 in NSCLC A549 cells.
miR-1290 upregulated by asiatic acid targets BCL2 mRNA in NSCLC A549 cells.
Previous studies showed that asiatic acid induced cell growth inhibition by decreasing the level of BCL2 protein in MCF7 human breast cells and HT-29 human colon adenocarcinoma cells (7, 8) . We also evaluated the effect of asiatic acid on the levels of BCL2 in A549 cells. Asiatic acid strongly decreased intracellular levels of BCL2 protein, as revealed by western blotting (Fig. 4A) . We next investigated whether there was a correlation between the reduced level of BCL2 and increased miR-1290 expression in asiatic acid-treated A549 cells. We first used bioinformatics analysis to analyze the possibility that miR-1290 targets BCL2 mRNA. As shown in Fig. 4B, miR-1290 contains a sequence complementary sequence to the 3'-UTR of human BCL2 mRNA. The predicted target site of miR-1290 is encoded by nucleotides 2898-2916 in the 3'-UTR (Fig. 4B) . We therefore examined whether miR-1290 reduces BCL2 protein levels in NSCLC A549 cells. As shown in Fig. 4C , exposure of cells to miR-1290 mimic (50, 100, and 150 nM) significantly decreased BCL2 level in a dose-dependent manner. We also found that the decrease in BCL2 was largely blocked by antagomiR-1290 (Fig. 4D) . In addition, we sought to determine whether the downregulation of BCL2 by asiatic acid treatment was affected by inhibition of miR-1290 activity. Notably, the asiatic acidinduced decrease in BCL2 decrease was largely rescued in antagomiR-1290-transfected cells (Fig. 4E) . To assess whether BCL2 is a direct target of miR-1290, we constructed recombinant luciferase plasmids in which the 3-UTR of BCL2 is cloned downstream of the firefly luciferase reporter gene in pGL3 vectors. The reporter plasmid was cotransfected with either the miR-1290 mimic or its antagomiR in NSCLC A549 cells, and luciferase activity was measured 24 h after transfection. As shown in Fig. 4F , overexpression of miR-1290 significantly reduced the luciferase activity of pGL3-BCL2-3-UTR to 62.71±6.72% (n=3). Conversely, this downregulation was rescued by cotransfection with antagomiR-1290 (Fig. 4F) . These results indicate that miR-1290 directly targets the 3'-UTR of BCL2 mRNA, and negatively regulates BCL2 expression post-transcriptionally.
Discussion
The present study examined the role of miR-1290 in the negative regulation of BCL2 expression in NSCLC A549 cells. The expression level of miR-1290 was significantly increased by asiatic acid, as revealed by miRNA microarray and quantita- tive RT-PCR analyses. Although we did not examine whether asiatic acid increases transcription of miR 1290 or enhances its stability, this increase may be mediated at the transcriptional level. First, the microarray data indicated alterations in the expression of specific miRNAs. Second, the level of up-or downregulation of these miRNAs varied significantly. Third, although several miRNAs, including miR-382 and miR-154, show differential stability, most miRNAs appear to be stable in human cells (23) . Additionally, our microarray data showed that only miR-1290 was significantly elevated (by 44-fold), whereas other miRNAs showed a trend toward increased or decreased levels, without reaching a similar level of fold change.
We found that the interplay between asiatic acid and cell death depends on the expression level of miR-1290, which tightly regulates asiatic acid-induced cell death. Transient transfection of A549 cells with miR-1290 mimics downregulated BCL2 expression and increased cell growth inhibition, as well as cell death. MiR-1290-dependent cell death was also investigated using ectopic expression of antagomiR-1290 oligonucleotides. WST-1 assay and FACS analysis revealed that asiatic acid-induced cell death was largely blocked by inhibition of miR-1290 activity. Furthermore, antagomiR-1290 inhibited asiatic acid-induced BCL2 downregulation. Collectively, our data indicate that asiatic acid-induced cell death is miR-1290 upregulation-dependent.
Currently, the effect of miR-1290 on growth inhibition and cell death is a matter of controversy. Some authors have suggested that miR-1290 is significantly upregulated in clinical colon cancer tissues and in the serum of patients with pancreatic cancer, compared to healthy controls (24, 25) . However, others argue that miR-1290 is strongly downregulated in clear renal cell carcinoma tissue and hypermethylated in cervical cancer cell lines (26, 27) . Similarly, our previous reports showed that miR-1290 is significantly upregulated by 2-fold in response to ginsenoside Rh2, which induces cell death in NSCLC A549 cells (28) . Also our unpublished data show that asiatic acid induced cell death in MCF7 human breast cancer and AGS human gastric cancer cells, and upregulated expression of miR-1290 by 2.58-and 7.01-fold, respectively. Recently, introduction of miR-1290 into estrogen receptor α-positive breast cancer cells and neuroblastoma cells decreased expression of NAT and FOXA1 and led to a slowing down of the cell cycle (29, 30) . Collectively, these results indicate that miR-1290 functions as a putative tumor suppressor in breast, lung and gastric cancer by inducing cell cycle arrest and apoptosis; however, it has a oncogenic function in colon and pancreatic cancer. The data indicate that miR-1290 has a dual role as tumor suppressor and oncogene in a cell-typespecific manner, although further investigation is needed to elucidate the precise mechanisms underlying these functions.
BCL2, a well-known pro-survival protein localized in mitochondria, has been reported to have antiapoptotic properties (31, 32) . In particular, the antiapoptotic function of BCL2 is based on its ability to inhibit an apoptotic mechanism induced by several anticancer agents, such as paclitaxel and cisplatin (33, 34) , and BCL2 downregulation has been observed in almost all apoptotic processes (35) . Recent studies have shown that asiatic acid induces apoptosis and cell cycle arrest through BCL2 downregulation in human breast cancer cells and human colon adenocarcinoma cells (7, 8) . Also, asiatic acid-induced BCL2 downregulation was attenuated by pretreatment with ERK1/2 inhibitor U0216 in breast cancer cells (8) . However, the mechanism underlying BCL2 downregulation induced by asiatic acid treatment of cells remains unknown. Here, we showed that asiatic acid-induced BCL2 downregulation was due to miR-1290-mediated posttranscriptional inhibition of BCL2 mRNA. In silico analysis showed that the 3'-UTR of BCL2 mRNA contains a complementary binding site for miR-1290, and luciferase assay confirmed the implication of BCL2 mRNA as a direct target of miR-1290. Endo et al showed other putative target mRNAs of miR-1290 (29) . They demonstrated that NAT and FOXA1 proteins are downregulated by miR-1290 overexpression; however, it remains unknown whether these genes are direct targets of miR-1290 (29) . Therefore, BCL2 is the first confirmed target mRNA of miR-1290 in cells.
In summary, we determined that asiatic acid induced growth inhibition and death in A549 NSCLC cells. We also showed that asiatic acid induces considerable changes in the miRNA expression profile of the cells. Notably, miR-1290 is the most extensively upregulated miRNA, and it tightly regulates asiatic acid-induced cell death. Further experiments demonstrated that miR-1290 directly regulates BCL2 synthesis. Our results may provide a useful approach to understanding cellular responses to asiatic acid, although the clinical significance of miR-1290 and BCL2 warrant further investigation.
